In the present study, we investigated the inhibition of the Lux quorum-sensing system by N-acyl cyclopentylamine (Cn-CPA). The Lux quorum-sensing system regulates luminescence gene expression in Vibrio fischeri. We have already reported on the synthesis of Cn-CPA and their abilities as inhibitors of the quorum-sensing systems in Pseudomonas aeruginosa and Serratia marcescens. In the case of Pseudomonas aeruginosa (Las and Rhl quorumsensing system) and Serratia marcescens (Spn quorumsensing system), specific Cn-CPA with a particular acyl chain length showed the strongest inhibitory effect. In the case of the Lux quorum-sensing system, it was found that several kinds of Cn-CPA with a range from C5 to C10 showed similar strong inhibitory effects. Moreover, the inhibitory effect of Cn-CPA on the Lux quorum-sensing system was stronger than that of halogenated furanone, a natural quorum-sensing inhibitor.
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Vibrio fischeri belongs to the Vibrionaceae, a large family of marine gamma proteobacteria that includes several dozen species known to engage in a diverse range of beneficial or pathogenic interactions with animal tissue. V. fischeri is found in several niches in the marine environment and exists naturally either in a free-living planktonic state or as a symbiont of certain luminescent fish or squid [1] . It is perhaps best known as the specific symbioses in the lightemitting organs of certain species of squid and fish. The bacteria colonize specialized light organs in squid and fish, causing them to bioluminescence [2] . Luminescence in squid and fish is thought to be involved in the attraction of prey or even as camouflage. The ability of V. fischeri cells to produce bioluminescence results from the expression of the lux operon, a small cluster of genes that have been well studied in this organism, and have been adapted to many uses in biotechnology.
Quorum sensing is a cell-to-cell communication system used by a number of gram-negative bacterial genera to regulate expression of specific sets of genes according to their population density [3−5] . N-acyl-L-homoserine lactone [AHL, in this study N-hexanoly-L-homoserine lactone (C6-HSL), Fig. 1(A) ], produced by gram-negative bacteria, is used as a quorum-sensing signal molecule. It has been also reported that other kinds of signal molecules such as (2S,4S)-2-methyl-2,3,3,4-tetrahydroxtetrahydrofuranborate (autoinducer-2) or 3-hydroxytridecan-4-one (cholerae autoinducer-1) are employed as major autoinducers by Vibrio cholerae [6] .
The AHL-regulated quorum-sensing system is very common in a wide variety of gram-negative bacteria. There are two regulatory genes involved in quorum sensing, I and R genes. The I gene directs the synthesis of AHL, and the R gene codes for a transcription factor that is responsive to the AHL signal [7] . In V. fischeri, the luxI gene directs the synthesis of N-(3-oxohexanoyl) homoserine lactone [ Fig. 1(B) ], the autoinducer signal required for luminescence gene activation [8−10] . Cells are permeable to this signal, and high cell densities are required to achieve a critical concentration of the autoinducer required to bind the luxR product, which in turn activates transcription of the luminescence genes [4, 9, 11, 12] .
As many gram-negative pathogens control the expression of virulence factors, the secretion of extracellular protease, pectinase and rhamnolipid, and biofilm formation via the quorum-sensing system [13] , quorum-sensing disruption has been suggested as a promising new strategy to control microbial infection [14] . It has been reported that natural or chemically synthesized AHL analogs were effective in preventing the expression of genes controlled by the quorum-sensing system in V. fischeri, Burkholderia cenocepacia and Pseudomonas aeruginosa [15−21] . We have reported the synthesis of new AHL analogs, N-acyl cyclopentylamines [Cn-CPA, Fig. 1(C) ], and its inhibitory effects on the quorum-sensing system in P. aeruginosa [22, 23] . C10-CPA was the most effective inhibitor on the Las and Rhl quorum-sensing systems in P. aeruginosa [23] . Since the inhibitory effects of each synthetic AHL analog have been targeted and reported only for one or two specific bacterial species, we tried to find a wide scope of inhibitors of the gram-negative bacterial quorumsensing system. As such, we have reported on the inhibitory effects of Cn-CPA on Spn quorum-sensing system in Serratia marcescens [24] . In the case of the Spn quorumsensing system in S. marcescens, C9-CPA showed the strongest inhibitory effects. Herein, we report on the inhibitory effects of Cn-CPA on the Lux quorum-sensing system and compare it with the effects with that of a natural quorum-sensing inhibitor, halogenated furanone [ Fig. 1(D) ].
Material and Methods
Bacterial strains, plasmids, AHL, analogs and growth conditions Lux quorum-sensing system-transformed Escherichia coli was constructed as follows. E. coli XL1-Blue (Stratagene, La Jolla, USA) was used as the plasmid host. The Lux quorum-sensing system plasmid, pHV200, was constructed by inserting an 8.8 kb SalI fragment containing the V. fischeri luxR-luxCDABE genes into pBR322 vector [25] . The AHL-responsible plasmid, pHV300I
− , was derived from the luxR-luxCDABE genescontaining pHV300 by introducing a frameshift mutation in luxI [25] . Transformations were performed using 100 ml competent cells and 100 pg Lux quorum-sensing plasmids. After transformation, 5 ml samples of the cultures were plated in duplicate on Luria broth (LB) agar plates with 100 µg/ml ampicillin. The plates are incubated at 37 ºC overnight until colonies were formed. C6-HSL was synthesized using 1-ethyl-3-(3-dimethylaminopropyl )-carbodiimide in an aqueous solution [26] . Hexanoic acid (1.5 mmol), L-homoserine lactone (1 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (2 mmol) were added to 1 ml H 2 O and the resulting solution was stirred for 15 h. After removing H 2 O by evaporation, the residue was dissolved into 20 ml ethyl acetate and washed with water, 5% NaHCO 3 and saturated NaCl solution. The organic extracts were dried over MgSO 4 and concentrated to create C6-HSL.
Halogenated furanone was synthesized through several steps [27] . 2-(2-oxopropyl)hexanoic acid (0.07 mol) and Br 2 (0.155 mol) were added to 30% HBr-chloroform (75 ml) and the resulting solution was stirred for 1 h at 50 ºC. After washing with 5% Na 2 S 2 O 3 , the solvent was removed by evaporation to give 2-(1,3-dibromo-2-oxopropyl) hexanoic acid. 2-(1,3-dibromo-2-oxopropyl) hexanoic acid (25.5 mmol) was added to concentrated H 2 SO 4 (84 ml) and treated for 20 min at 110 ºC. The reaction mixture was separated by column chromatography to create halogenated furanone.
Cn-CPA were synthesized using appropriate acyl chlorides and cyclopentylamines [22−24] . Appropriate acyl chloride (1 mmol) was added to 2 ml dry dichloromethane containing 2 mmol cyclopentylamine. The mixture was stirred for 4−6 h. After removing dichloromethane by evaporation, the residue was dissolved into 20 ml diethyl ether and washed with water, 5% NaHCO 3 , 0.2 M HCl, and saturated NaCl solution. The organic extracts were dried over MgSO 4 and concentrated to provide Cn-CPA. The purity of the Cn-CPA was confirmed by elemental analysis, 500 MHz 1 H-nuclear magnetic resonance and 125 MHz 13 C-nuclear magnetic resonance [22−24, 26,27] .
Lux quorum-sensing system-transformed E. coli was grown at 30 ºC in LB medium with C6-HSL (100 nM) to activate the Lux quorum-sensing system. As required, chloramphenicol (antibiotic) was added to medium at the start of cultivation with a final concentration of 35 µg/ml.
Luminescence assays
For luminescence assays, Lux quorum-sensing systemtransformed E. coli was incubated in LB medium with C6-HSL (100 nM), or with C6-HSL (100 nM) and analogs (from 10 nM to 100 mM). After incubation, 100 ml bacterial medium was poured into a 96-well microplate, and a luminometer AB-2300-R JNR-II (ATTO Corporation, Tokyo, Japan) was used for luminescence measurements. The inhibition effects were evaluated by the relative luminescence value (actual luminescence value/OD 600 ), for which the control value was 100%.
Statistical Analysis
All experiments were performed at least in triplicate and all data are presented as mean±SD. Significant differences among the groups were determined using the unpaired two-tailed Student's t-test calculated in Excel with original macros. A value of P<0.05 was accepted as an indication of statistical significance.
Results

Effects of Cn-CPA on Lux quorum-sensing system
The Lux quorum-sensing system-transformed E. coli possessed a Lux quorum-sensing system without LuxI and did not produce AHL in the cell. As such, the Lux quorum-sensing system-transformed E. coli incubated without AHL did not show luminescence activity (data not shown). On the other hand, the Lux quorum-sensing system-transformed E. coli incubated with C6-HSL (control, without C6-CPA) showed luminescence activity after about 10 h incubation and kept it until approximately 24 h incubation (Fig. 2) . C6-CPA showed no effect on cell growth (Fig. 2) .
A series of Cn-CPA with acyl chain lengths ranging from 4 to 11 were added to the Lux quorum-sensing system-transformed E. coli with C6-HSL culture medium at a final concentration of 100 µM. The effects of added Cn-CPA are shown in Fig. 3(A) . Cn-CPA at 100 nM showed no inhibitory effect, but relative luminescence values were decreased by adding 10 µM cyclopentylamines. Six kinds of Cn-CPA (C5-, C6-, C7-, C8-, C9-, and C10-CPA) showed strong inhibitory effects on the Lux quorumsensing system. The most effective inhibitors were C6-, C7-and C8-CPA, which reduced luminescence by about Fig. 2 Time course of cell growth and residual luminescence value Lux quorum-sensing system-transformed Escherichia coli was cultured in Luria broth medium without C6-CPA (control) and 100 µM C6-CPA. Samples were taken at various times and analyzed to determine growth and residual luminescence.
90%. Low concentrations of C6-CPA, such as below 10 nM, showed no inhibitory effects, but high concentrations of C6-CPA, such as over 100 µM, showed a dosedependent inhibitory effect; the concentration for halfmaximal inhibition was approximately 4 µM [ Fig. 3(B) ].
Comparison the inhibitory effects of halogenated furanone and C6-CPA on Lux quorum-sensing system Fig. 4 showed the inhibitory effects of halogenated furanone and C6-CPA at various concentrations from 100 nM to 100 µM. C6-CPA had a better inhibitory effect than halogenated furanone. C6-CPA showed a dose-dependent manner of inhibition, whereas the inhibitory effect of halogenated furanone did not.
Discussion
To determine the inhibitory effects of synthetic AHL analogs Cn-CPA on Lux quorum-sensing system, Lux quorum-sensing system-transformed E. coli was constructed. As this E. coli possessed Lux quorum-sensing system without LuxI and did not produce AHL in the cell, the luminescence activity of this E. coli responded to the addition of AHL to the culture medium. Using this E. coli, it was easy to determine the effects of Cn-CPA as inhibitors of Lux quorum-sensing system.
Although several synthetic quorum-sensing inhibitors have been reported for some bacteria, there have been few reports about inhibitors that are effective on several Cn-CPA could strongly inhibit quorum-sensing systems both in P. aeruginosa and in S. marcescens [22] [23] [24] . We also found that C10-CPA was the most effective quorumsensing inhibitor of P. aeruginosa [22, 23] , and that C9-CPA was the most effective in S. marcescens [24] . In this work, we demonstrated that Cn-CPA were effective on Lux quorum-sensing system without affecting cell growth. This was the first study to find a series of general inhibitors that could antagonize all of the Lux, Las, Rhl and Spn quorum-sensing systems.
Halogenated furnone is produced naturally by the Australian red alga Delisea pulchra and is known to be capable of interfering with the quorum-sensing behavior of several bacterial strains [30] . In our previous research we found that the inhibitory effects of C9-CPA on quorum sensing in S. marcescens were better than those of halogenated furanone [24] . In this study, the inhibitory effects of C6-CPA (one of the most effective inhibitors in this study) on the Lux quorum-sensing system were also better than those of halogenated furanone.
Interestingly, we found that Cn-CPA had a perceptible density. When Cn-CPA were added in amounts less than 1 µM, the inhibitory effects were not visible or unstable (Figs. 3 and 4) . But once the final concentration surpassed 1 µM, they showed firmly dose-dependent inhibitory effects. This study clearly indicated that these inhibitors had a potent effect on the Lux quorum-sensing system, and that it was possible to inhibit different quorum-sensing systems via altering the acyl side chain lengths.
The lengths of the acyl chains of the Cn-CPA that were different kinds of quorum-sensing systems. It was previously reported that synthetic homoserine lactonederived sulfonylureas and N-phenylacetanoyl-Lhomoserine lactones could respectively inhibit the Lux quorum-sensing system [28, 29] . However, whether they can inhibit other quorum-sensing systems has not been reported. We have reported that synthetic AHL analogs most effective for inhibition on the Lux quorum-sensing system, were six, seven and eight. In P. aeruginosa, which produces two AHL (C4-HSL and 3-oxo-C12-HSL), the most effective quorum-sensing inhibitor was C10-CPA [23] . In S. marcescens, which employed C6-HSL as autoinducer, the most effective quorum-sensing inhibitor was C9-CPA [24] . Considering the inhibitors in P. aeruginosa and S. marcescens, we thought that one or two specific kinds of Cn-CPA had an inhibitory effect on each quorum-sensing system. Interestingly, three kinds of Cn-CPA had a potent inhibitory effect on the Lux quorum-sensing system. However, as the interaction between the receptor protein LuxR and the inhibitor Cn-CPA have not been elucidated clearly, further studies on the interaction between purified LuxR and the corresponding Cn-CPA are required.
Compared with other quorum-sensing systems, the Lux quorum-sensing system seems to be rather simple. As such, we hypothesized that the more complicated the quorumsensing system was, the more limits it had, and that fewer Cn-CPA could inhibit such complicated quorum-sensing systems effectively. These results indicated that Cn-CPA could inhibit gram-negative quorum-sensing systems in a broader scope. Cn-CPA showed inhibitory effects on the Lux, Las, Rhl and Spn quorum-sensing systems.
Many kinds of quorum-sensing inhibitors modeled on the natural AHL have been designed, synthesized and evaluated to inhibit quorum sensing. However, chemosynthesis of these compounds is complicated and requires a lot of synthetic steps. Cn-CPA can be synthesized easily using appropriate acyl chlorides and cyclopentylamine through a couple reactions and several extraction processes [22, 23] . There may be some possibility to use appropriate Cn-CPA as antipathogen drugs to infect pathogens employing Lux, Las, Rhl or Spn quorum-sensing systems, through further verifying and tests in the future.
